Abstract. The photoproduction of pion off nucleon is investigated within a dynamical coupledchannels approach based on the Jülich πN model, which has been quite successful in the description of πN → πN scattering for center-of-mass energies up to 1.9 GeV. The full pion photoproduction amplitude is constructed to satisfy the generalized Ward-Takahashi identity and hence, it is fully gauge invariant. The calculated differential cross sections and photon spin asymmetries up to 1.65 GeV center-of-mass energy for the reactions γ p → π + n, γ p → π 0 p and γn → π − p are in good agreement with the experimental data.
INTRODUCTION
In this proceeding we report the main results of our recent work on pion photoproduction [1] . This work has two salient features. One is that the work is done within a dynamical coupled-channels approach based on the Jülich πN model, which includes the πN and ηN stable channels as well as the π∆, σ N and ρN effective channels accounting for the resonant part of the ππN channel, and has been quite successful in the description of πN → πN scattering for center-of-mass energies up to 1.9 GeV [2] . The other is that in addition to satisfying unitarity and analyticity as a matter of course, in this work the full photoproduction amplitude satisfies the full gauge-invariance condition dictated by the generalized Ward-Takahashi identity [3, 4, 5] . By contrast, the vast majority of existing models satisfy only current conservation but not gauge invariance.
The full photoproduction amplitude M µ reads [3, 4, 5 ]
where the first three terms describe the amplitudes from s-, u-and t-channel interaction diagrams, respectively. Apart from the nucleon exchange, M The last term M µ int in Eq. (1) is the interaction current,
where is the generalized contact current accounting for the complicated part of the interaction current which cannot be treated explicitly. It is chosen in such a way that the full photoproduction amplitude M µ satisfies the generalized Ward-Takahashi identity and thus is gauge invariant [3, 4, 5] . We refer the readers to Refs. [1, 5] for more details.
RESULTS
We have studied both the differential cross sections and the photon spin asymmetries for γ p → π + n, γ p → π 0 p and γn → π − p up to πN center-of-mass energy W = 1.65 GeV. The results are shown in Figs. 1, 2 and 3 . One sees that the overall agreement with the experimental data is very good. At higher energies there are some discrepancies. Further studies are needed to understand whether these discrepancies are due to the lack of high-spin resonances or effects from ΛK and ΣK channels which are not included in the present work.
We have also studied the total cross sections for γ p → π + n, γ p → π 0 p and γn → π − p reactions and our results are in very good agreement with the data. The effects from the coupled channels and the generalized contact terms are also investigated, and our results show that they both are very important for getting the data. Due to the page limit of this proceeding, we refer the readers to Ref. [1] for more details. Motivated by the good agreement of our results with the data of the total and differential cross sections as well as the photon spin asymmetries, we have extracted the multipole amplitudes for pion photoproduction. In Fig. 4 , the results for the multipole amplitudes M 1+ and E 2− from the present calculation (solid curves) are shown together with the results from the SAID analysis [7] . We see that the agreement between the two results for the dominant M 1+ amplitude is quite good but for the smaller E 2− amplitude there is a considerable disagreement. This illustrates the kind of uncertainties one should 
FIGURE 4.
Real part and imaginal part of the multipole amplitudes M 1+ and E 2− for γN → πN with isospin I = 3/2 as a function of the πN center-of-mass energy. Scattered symbols are amplitudes taken from the George-Washington University's partial wave analysis [7] .
expect from the present-type calculations, even though we reproduce the cross sections and beam asymmetries quite nicely. It is clear that in order to extract more reliable multipoles (apart from the dominant ones) from the present model, one needs to include more independent observables to further constrain the model. Actually, the SAID results are also subject to some assumptions in their analysis, since we do not have a complete set of data up to now. In a recent analysis [8] , Workman has also investigated the sensitivity of the extracted multipole amplitudes to the accuracy of the data used in their extraction.
